subsp. salmonicida (referred to here as A. salmonicida), has been reported to have a functional TTSS located on a large thermolabile virulence plasmid (5, 39) . Since motile aeromonads and A. salmonicida are in the same genus, it is possible that TTSSs are also present in other Aeromonas species, including A. hydrophila.
A. hydrophila AH-1 is pathogenic to several fish, such as the rainbow trout (50% lethal dose of (23) . In the present study, we successfully located the TTSS gene cluster in A. hydrophila AH-1 by using homology-based analysis. This is the first report of the cloning and characterization of a partial TTSS gene cluster in A. hydrophila AH-1. Further inactivation of two of the TTSS genes (aopB and aopD) resulted in a delayed cytotoxic effect on carp epithelial cells, increased phagocytosis, and reduced virulence in gourami fish, showing that a TTSS is required for A. hydrophila pathogenesis.
MATERIALS AND METHODS
Plasmids, bacterial strains, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . A. hydrophila strains were maintained on tryptic soy agar or in tryptic soy broth (Difco) at 25°C. Escherichia coli strains were maintained on Luria agar or in Luria broth (Difco) at 37°C. When required, media were supplemented with ampicillin (100 g/ml), chloramphenicol (5 or 25 g/ml), gentamicin (100 g/ml), and colistin (6.25 g/ml). The conjugal transfer of plasmids between A. hydrophila and E. coli strains was carried out by plate mating at 30°C for 36 h.
DNA manipulations and Southern hybridization. Bacterial genomic DNA was extracted as described in the manuals for the genomic DNA isolation and purification kits from Promega. Plasmid DNA was extracted by using the QIAprep spin miniprep or Qiagen plasmid midi kit. Restriction endonuclease digestion was accomplished by standard methods (35) . Southern blotting was performed with the digoxigenin DNA labeling kit (Roche Diagnostics GmbH). Transfers of DNA to nylon membranes (GeneScreen; NEN Research Products), hybridization conditions, and visualization were as recommended by the manufacturer's protocol.
PFGE.
A. hydrophila AH-1 cells were embedded in low-melting-point agarose (Bio-Rad) to prepare agar plugs by using the contour-clamped homogeneous electric field genomic DNA plug kit (Bio-Rad) according to the manufacturer's instructions. For PacI restriction digestion, agarose plugs were equilibrated with 500 l of suitable restriction enzyme buffer for 30 min, exchanged with 400 l of fresh buffer containing 10 U of PacI restriction enzyme, and incubated overnight at 37°C. DNA fragments were separated by using a Bio-Rad CHEF-DRII apparatus. Electrophoresis was carried out at 200 V and 14°C for 22 h, with pulse times ranging from 5 to 60 s. For detecting and determining the sizes of large plasmids in A. hydrophila AH-1, plugs were incubated with S1 nuclease and subjected to pulsed-field gel electrophoresis (PFGE) as described previously (3) .
DNA sequencing and sequence analysis. DNA sequencing was carried out on an Applied Biosystems PRISM 3100 genetic analyzer with an ABIPRISM BigDye terminator cycle sequencing kit (Applied Biosystems). The sequences were edited by using the manufacturer's software. Sequence assembly and further editing were carried out with Vector NTI DNA analysis software (InforMax). BLASTN, BLASTP, and BLASTX sequence homology analyses and a protein conserved-domain database analysis were performed by using the BLAST network server of the National Center for Biotechnology Information. Terminator programs from the Genetics Computer Group package on a VAX4300 were used to predict terminator sequences in the TTSS gene cluster.
Genome walking and general PCR analysis. Advantage polymerase 2 (Clontech) was used for genome walking and general PCR. PCRs were carried out under the following conditions: one hold at 94°C for 2 min, followed by 32 cycles of 94°C for 20 s, 60°C for 30 s, and 72°C for 1 min. Genome walker libraries were constructed by using five restriction enzymes (DraI, EcoRV, PvuII, ScaI, and StuI). The cycling parameters for genome walking were as follows: 7 cycles of 15 s at 94°C and 4 min at 72°C, followed by 32 cycles of 15 s at 94°C and 3 min at 67°C. The amplified fragments were cloned into the pGEM-T Easy vector (Promega). The recombinant DNA molecules were transformed into competent E. coli JM109 cells and sequenced.
Construction of defined insertion mutants. Mutants with defined insertions in aopB and aopD were constructed by using the protocol described earlier (34) with slight modifications. For better selection of insertion mutants of A. hydrophila AH-1, we removed the kanamycin resistance cassette in pFS100 and replaced it with the chloramphenicol resistance (Cm r ) cassette from pACYC184 and generated the plasmid pCM100. Then, oligonucleotides aopB-F (5Ј-GTGG ATATCTTGATCAATTGAGGAAGACGG-3Ј) and aopB-R (5Ј-GGAGATAT CGGTACCAATATCAACTACCAG-3Ј) and oligonucleotides aopD-F (5Ј-GA AGATATCGATTCGAGCCTGCTGAGCAA-3Ј) and aopD-R (5Ј-GGAGAT ATCGCACTTCATCTTCCTTGGCATT-3Ј) were used to amplify internal fragments from the aopB and aopD genes, respectively. Amplified fragment was ligated to pGEM-T Easy vector (Promega) and transformed into E. coli JM109. The internal fragment was recovered by EcoRV restriction digestion (EcoRV sites in the primers are underlined) and finally ligated to EcoRV-digested and dephosphorylated pCM100 and transformed into E. coli MC1061(pir), selecting Cm r to generate plasmid pCM-AOPB and pCM-AOPD (Table 1 ). The recombinant plasmid was isolated and transformed into E. coli S17-1(pir). Plasmids pCM-AOPB and pCM-AOPD were transferred by conjugation to A. hydrophila AH-1 (colistin resistant [Col r ]) to obtain defined mutants by selecting Cm r and Col r , and aopB and aopD insertion mutants, respectively, were generated. The insertion of plasmids on the chromosomes of these mutants was confirmed by both PCR with appropriate primers and Southern blot analysis with pCM100 suicide vectors, aopB, and aopD as probes.
Cell culture and morphological changes induced by A. hydrophila. All tissue culture reagents were obtained from Invitrogen. Epithelioma papillosum of carp (Cyprinus carpio) (EPC cells) (44) was grown in minimal essential medium with Hanks salts, 10 mM HEPES (pH 7.3), 2 mM glutamine, 0.23% NaHCO 3 , and 10% heat-inactivated fetal bovine serum (FBS) at 25°C in a 5% (vol/vol) CO 2 atmosphere. Cells were grown in 75-cm 2 flasks and split at least once a week by trypsin-EDTA treatment and dilution at 1:10 in fresh medium. Studies on morphological changes were conducted by seeding 5 ϫ 10 5 fish cells into each well of a 24-well tissue culture plate (Falcon) and then proceeding as described previously (40) . EPC monolayers were infected with A. hydrophila cells suspended in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 , 1.4 mM KH 2 PO 4 [pH 7.2]) at a multiplicity of infection (MOI) (number of bacteria per cultured cell) of 1. Changes in the cell morphology were observed over a period of 6 h. The fish cells were photographed under an Axiovert 25CFL phase-contrast inverted microscope (Carl Zeiss) at a magnification of ϫ40 after 2.5 and 5.5 h of infection at 25°C.
Phagocyte isolation. Healthy blue gourami (Trichogaster trichopterus Pallas) were obtained from a commercial fish farm and maintained in well-aerated, dechlorinated water at 25 Ϯ 2°C. Phagocytes were isolated from the head kidney of naive gourami and purified by the procedure of Secombs (36) . Purified phagocytic cells (4 ϫ 10 6 to 5 ϫ 10 6 cells/well) were allowed to adhere to 24-or 48-well tissue culture plates (Falcon) in L-15 medium (Sigma) supplemented with 5% FBS. After 3 h of incubation at 25°C in a 5% CO 2 atmosphere, the cells were washed twice with Hanks balanced salt solution (HBSS) (Sigma) to remove unattached cells. The remaining monolayer of phagocytes was infected with the wildtype and mutant strains of A. hydrophila at an MOI of 10 in all of the experiments.
Microscopic examination and phagocytosis assay. Glass coverslips were placed into each well of a 24-well tissue culture plate, and the wells were seeded with blue gourami phagocytes and incubated for 3 h at 25°C in a 5% CO 2 atmosphere as described above. Three hours after infection, the phagocytes were washed three times with HBSS and later stained with Giemsa stain (Merck) for 30 min. After they were washed three times with PBS, the stained samples were examined under an Axiovert 25CFL phase-contrast inverted microscope (Carl Zeiss) at a magnification of ϫ100. For the phagocytosis assay, the phagocytes were infected for 3 h, washed twice with HBSS, and then incubated for 1.5 h in fresh L-15 medium supplemented with 5% FBS and 100 g of gentamicin per ml. The gentamicin treatment killed extracellular bacteria but did not affect the viability of intracellular organisms. The phagocytes were then washed three times with HBSS to remove gentamicin and lysed with 1% (vol/vol) Triton X-100. This was followed by a 1-min incubation, which released intracellular bacteria. Intracellular bacteria were quantified on triplicate tryptic soy agar plates. The percentage of phagocytosis was calculated by dividing the viable bacterial count after gentamicin treatment by the initial bacterial count. Three independent experiments with duplicate wells were performed.
Studies of LD 50 in fish. Healthy blue gourami were obtained from a commercial fish farm, maintained in well-aerated dechlorinated water at 25 Ϯ 2°C, and acclimatized to the laboratory conditions for at least 15 days. The fish were approximately 13 g each and were about 3 months old. Three groups of ten fish each were injected intramuscularly with 0.1 ml of PBS-washed bacterial cells adjusted to the required concentrations. The fish were monitored for mortality for 7 days, and LD 50 s were calculated by the method of Reed and Muench (31) .
Statistical analysis. All data were expressed as means Ϯ standard errors of the means. Data were analyzed by a one-way analysis of variance and a Duncan multiple-range test (SAS software; SAS Institute). P values of Ͻ0.05 were considered significant.
Nucleotide sequence accession number. The nucleotide sequence data for the A. hydrophila AH-1 TTSS gene cluster have been deposited in GenBank under accession no. AY394563. RESULTS AND DISCUSSION Sequencing and genetic organization of a TTSS gene cluster in AH-1. TTSSs are present in many gram-negative bacteria (13, 20) . Various components of the type III secretion genes are highly conserved. lcrD homologs are one of those components that are present in all known TTSSs, and sequence similarities between individual members of the LcrD family vary between 36 and 66% (20) . Multiple-sequence alignment of proteins of the LcrD family from A. salmonicida (5), Pseudomonas aeruginosa (46) Table 2 ). Most of the putative TTSS proteins in A. hydrophila were designated according to the Yersinia nomenclature, which was also used to designate the ORFs of the A. salmonicida TTSS ( Table 2 ). The genetic organization of this cluster is highly similar to that of P. aeruginosa (Fig. 1) . It is also similar to those of A. salmonicida, P. luminescens, and Yersinia species but differs from the gene order in P. luminescens and Yersinia species, where the homologous ascU-aopD regions are inverted.
Further sequence analysis of this TTSS gene cluster identified five putative promoter regions (Fig. 1) , three of which possess ExsA binding sites (TxAAAAxA) that are similar to those in A. salmonicida (5) and P. aeruginosa (18) . In P. aeruginosa, these consensus sequences are bound by ExsA, a transcriptional activator of exoenzyme S regulon (18) . These three promoters are located upstream of aopN, acrG, and hscY. We also have identified AscA, which shows 77% similarity to ExsA (Table 2 ) and which may regulate the transcription of these operons in the AH-1 TTSS cluster. Further work is required to confirm this hypothesis. The other two putative promoters are upstream of ascN and ascZ, without the characteristic ExsA consensus sequences being identified. Terminator analysis showed the presence of three possible transcription terminators. They are downstream of ascU (⌬G, Ϫ3.30 kcal/mol), aopD (⌬G, Ϫ18.60 kcal/mol), and ascA (⌬G, Ϫ6.40 kcal/mol) (Fig.  1) . Based on the analysis described above, we speculate that there may be five operons in the AH-1 TTSS gene cluster. They are ascN to ascU, aopN to aopD, acrG to aopD, hscY to ascA, and ascZ and beyond.
The TTSS is located on the AH-1 chromosome. TTSS gene clusters can be either on a plasmid or on the bacterial chromosome (30) . PFGE of bacterial DNA of A. hydrophila AH-1 was carried out to investigate whether it contained any plasmids. The PFGE results showed that the DNA cut with S1 nuclease was brighter than the uncut DNA ( Fig. 2A) . Dodd and Pemberton (9) also reported that the treatment of A. hydrophila JMP636 genomic DNA with S1 nuclease produced a highly intense band compared to untreated DNA, indicating the digestion of circular DNA by S1 nuclease. PFGE of an S1 nuclease-treated A. hydrophila AH-1 genomic DNA plug showed only one band as an uncut genomic DNA, indicating that there may not be a large plasmid in AH-1. We further prepared a genomic DNA plug digested with PacI and carried out Southern blot analysis with the ascV probe. The results revealed that the ascV probe hybridized with S1 nuclease-cut genomic DNA, uncut genomic DNA, and a 200-kb PacI-digested fragment (Figs. 2B and D) . A 20-kb plasmid was detected by using a plasmid purification kit which was capable of purifying plasmids of up to 150 kb. This small plasmid was not detected in PFGE, which could be due to the low copy number of this plasmid. ascV probe did not hybridize with this 20-kb plasmid (data not shown). These results indicate that the TTSS gene cluster is located on the chromosome of A. hydrophila AH-1, which is similar to the case for other pathogens such as P. aeruginosa (46) and P. luminescens (42) . A. hydrophila AH-1 is unlike A. salmonicida, in which the TTSS is located on a large thermolabile plasmid of approximately 140 kb (39) .
Distribution of TTSSs in A. hydrophila. In several gramnegative pathogens, TTSSs are encoded by pathogenicity islands, which are present in virulent strains but absent from 6 CFU of A. hydrophila is plotted against the number of days that it took for the fish to die. The fish were monitored for 7 days. WT, wild-type AH-1. avirulent strains (7, 43) . Hence, the distribution of TTSS gene clusters among 33 A. hydrophila strains isolated from different sources, such as fish and humans, from various geographical locations was surveyed (Table 1) . These isolates represented diverse serotypes with various levels of virulence. The same pair of degenerate primers (ascV-F and ascV-R) was used to detect the ascV gene in all 33 strains. PCR results showed that a 331-bp DNA fragment was present in all of the A. hydrophila strains. FlhA, an essential component of the flagellar export apparatus, has also shown some similarity to the LcrD family protein in the TTSS (20) . Hence, DNA sequencing was performed to confirm that these 33 PCR products were highly similar to ascV but not to flhA. All of the sequences showed high identity to ascV of A. hydrophila AH-1, with amino acid and nucleotide identities ranging from 83 to 100% and from 73 to 99%, respectively. Our results indicate, therefore, that a partial or an entire TTSS gene cluster may be present in all 33 A. hydrophila strains that we examined.
Similarly, the TTSS has also been shown to be ubiquitously present in both clinical and environmental isolates of P. aeruginosa (11) . Hence, the presence of TTSS genes may not correlate with virulence for some of the bacteria. On the other hand, the TTSSs in nonpathogenic strains of A. hydrophila may not be functional. Pierson and Falkow (29) have reported the presence of nonfunctional invA-homologous genes in nonpathogenic Y. enterocolitica.
Construction of mutants and LD 50 studies. To ascertain that the TTSS in A. hydrophila AH-1 was functional, we carried out insertional mutagenesis of aopB and aopD. They are the homologs of yopB and yopD, respectively, in Y. enterocolitica, which may form the translocation apparatus for functional type III secretion (20) . Disruptions in yopB and/or yopD reduced virulence in mice (16, 17) . In A. hydrophila AH-1, both aopB and aopD mutants showed growth rates in tryptic soy broth that were similar to that of the wild type (data not shown). The LD 50 of AH-1 by intramuscular injection into blue gourami was estimated to be 10 5.6 , while those of the aopB and aopD mutants were 10 6.6 and 10 6.4 , respectively, which was about 1 log unit higher than that of the wild type. When blue gourami were inoculated with the same dosage (10 6 ), most of the fish injected with aopB and aopD mutants recovered within 4 days and displayed no marked skin ulceration at the injection site. However, 8 out of 10 fish injected with the wild type died within 3 days (Fig. 3) . To confirm the stability of the insertional aopB and aopD mutant genes, bacteria were isolated from live or dead fish inoculated with these mutants, all of which showed resistance to chloramphenicol. PCR with appropriate primers for these mutants also confirmed the stability of these mutants. These results strongly indicate that the TTSS plays an important role in the pathogenesis of A. hydrophila. Delayed cytotoxic effect of aopB and aopD mutants on EPC cells. EPC cells were infected with AH-1 and the aopB and aopD mutants. Upon infection with A. hydrophila AH-1, the EPC cells underwent a series of cytopathic changes similar to those of another strain, PPD134/91, as described in an earlier study (40) . The cells infected with AH-1 progressively detached from one another, elongated to form long spindles, became rounded, and eventually detached from one another and also from the well. At 2.5 h postinfection, approximately 50% of the rounded EPC cells remained attached to the tissue culture plate (Fig. 4A) , while EPC cells infected with either the aopB or aopD mutant showed no significant morphological changes (Fig. 4B ) compared to the uninfected control (data not shown). An uninfected monolayer of EPC cells appeared as a smooth sheet with the cells adhering tightly to their neighbors. EPC cells infected with the aopB or aopD mutant started to show morphological changes at 3 h postinfection. By 5.5 h postinfection, only 50% of the rounded EPC cells remained. Mutation of aopB or aopD therefore delayed cytotoxic changes to the EPC cells. There may be other factors mediating cytotoxicity in A. hydrophila. Virulence factors such as aerolysin and hemolysin (45) and serine protease (32) have been reported to be involved in the cytotoxicity for different cultured cells. This may explain the delayed onset of the cytotoxic effect of aopB and aopD mutants of AH-1.
Phagocytosis assay. Phagocytes are the primary defense barriers in any host, and bacteria have to either avoid or overcome the phagocyte-mediated killing to establish themselves in the host. We carried out a microscopic examination of phagocytes infected with AH-1 and the mutants. After 3 h of infection with AH-1, most of the bacteria were outside the phagocytes, with a few of them inside (Fig. 4C) . On the other hand, most of the aopB and aopD mutants were inside the phagocytes (Fig. 4D) . These results may indicate that the wild-type (AH-1) bacteria may avoid or inhibit phagocytosis but that the mutants fail to avoid phagocytosis, thereby becoming ingested.
To analyze further whether the wild-type bacteria resist phagocytosis, an internalization assay was carried out. After infection of the phagocytes with AH-1 and the aopB and aopD mutants for 3 h, the monolayer was treated with gentamicin for 1.5 h to kill all of the extracellular bacteria. The results clearly showed that the mutants had a 4-to 6-times-higher ingestion rate than the wild type (Fig. 5) . Wild-type AH-1 was resistant to phagocytosis, with only 0.24% of bacteria within the phagocytes. However, the aopD and aopB mutants showed increased phagocytosis, with 1.1 and 1.5% of bacteria within the phagocytes, respectively. These results indicate that mutations in aopB and aopD affect the phagocytosis and may play an important role in antiphagocytosis.
In Y. enterocolitica, YopB and YopD, the homologs of AopB and AopD, have also been shown to be essential for cytotoxicity and antiphagocytosis (16, 17) . They may form the pore on the host cell membrane to deliver effectors such as YopE and YopH, which cause cytotoxicity and antiphagocytosis, to the respective target host cells (14, 28, 33, 38) . From the results of cell culture assays, we speculate that AopB and AopD of AH-1 may acting in a manner similar to those of Y. enterocolitica. The TTSS of AH-1 may also use AopB and AopD as translocon components to deliver similar effectors into host cells, mediating antiphagocytosis and cytotoxicity. The natures of these effectors produced by AH-1 are being investigated. These results will help in a better understanding of the roles played by the TTSS in A. hydrophila pathogenesis.
Conclusions. This is the first report on sequencing and characterization of a TTSS gene cluster in A. hydrophila. The products of most ORFs of this gene cluster showed high homology to TTSS proteins of other pathogens, such as A. salmonicida, P. aeruginosa, and Yersinia species, indicating that they may have evolved from a common ancestor. The detection of ascV by PCR and sequencing analysis with 33 A. hydrophila strains revealed that the TTSS may be present in all of the strains we examined, irrespective of their pathogenic or nonpathogenic nature. Ongoing work is being conducted to see whether the functional TTSS is limited to disease but not environmental isolates of A. hydrophila. Insertional inactivation of aopB or aopD delayed the cytotoxic effect in EPC cells and increased uptake by phagocytes significantly. LD 50 assays of mutants also showed about 1-log-unit increase in LD compared to the wild type. The above-mentioned biological activities clearly demonstrate that the TTSS is functional in A. hydrophila AH-1. Complementation of aopB and aopD mutants and creation of mutants with mutations in other TTSS genes will help in understanding their roles in cytotoxicity, antiphagocytosis, and virulence in fish. The identification of a TTSS in A. hydrophila is an important discovery for unlocking the pathogenesis of this bacterium. This will allow us to understand the intimate hostbacterium interactions in order to develop suitable strategies to overcome diseases caused by A. hydrophila.
